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Abstract 
In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge
of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 
On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 
Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 
This study proposes a simple on-site estimation method of the floor stiffness. The contact stiffness depending on the preload 
between the support and floor is identified. The model of the preload-stiffness relationship for the block on the floor is described. 
The natural frequency of the block for the translational vertical vibration is measured by the impact test. The measurement is 
conducted for several blocks with different mass to obtain the preload-stiffness relationship. The contact stiffness coefficient is 
identified by fitting the model to the experimental data. The stiffness of two floors are compared using the estimation method to 
investigate the influence of its surface finish on the contact stiffness. The surface reinforcement using the glass coating increased 
the contact stiffness to 455% of that for the general polymer painted floor. The natural frequency of the block which has three 
supports is measured on the painted floor for verification of the identified parameter. The estimation using the identified contact 
stiffness coefficient well agrees to the experimental results 
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1. Introduction 
High speed and high acceleration motions of machine tools 
are demanded for a high productive machining process. In 
such motions, vibrations in low frequencies caused by the 
driving force of feed axes can be often a problem. The 
machine’s dynamic characteristic in low frequencies is 
dominated by the dynamic property of a machine support-
floor system [1, 2]. It is difficult to estimate the dynamic 
property because of the influence of the contact stiffness 
between the support and floor [3]. 
The evaluation of the dynamic property of the machine 
support-floor system is expected to be utilized in the following 
cases. The first case is the quantitative evaluation of the floor. 
This evaluation contributes to the decision of machine 
installation location and determination of floor specifications 
such as the property of concrete and surface finishing. These 
decisions are currently done empirically. The second case is 
the dynamic simulation of the machine. The stiffness of 
supports should be tuned on the basis of dynamic performance 
evaluation of the machine [4]. Many studies do not consider 
the contact stiffness between the support and floor [5]. 
The contact stiffness between steel and concrete was 
measured using test pieces to estimate the support stiffness [6]. 
However, this method is not practical because it is often 
difficult to make a test piece from an existing floor. Thus, an 
on-site evaluation method is ideally required. 
This study describes a simple on-site estimation method of 
the floor stiffness. The contact stiffness depending on preload 
between the support and floor is identified. The estimation 
method is described based on the stiffness model of machine 
tool support developed in our previous study. The stiffness of 
two floors are compared using the estimation method to 
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1. Introduction 
High speed and high acceleration motions of machine tools 
are demanded for a high productive machining process. In 
such motions, vibrations in low frequencies caused by the 
driving force of feed axes can be often a problem. The 
machine’s dynamic characteristic in low frequencies is 
dominated by the dynamic property of a machine support-
floor system [1, 2]. It is difficult to estimate the dynamic 
property because of the influence of the contact stiffness 
between the support and floor [3]. 
The evaluation of the dynamic property of the machine 
support-floor system is expected to be utilized in the following 
cases. The first case is the quantitative evaluation of the floor. 
This evaluation contributes to the decision of machine 
installation location and determination of floor specifications 
such as the property of concrete and surface finishing. These 
decisions are currently done empirically. The second case is 
the dynamic simulation of the machine. The stiffness of 
supports should be tuned on the basis of dynamic performance 
evaluation of the machine [4]. Many studies do not consider 
the contact stiffness between the support and floor [5]. 
The contact stiffness between steel and concrete was 
measured using test pieces to estimate the support stiffness [6]. 
However, this method is not practical because it is often 
difficult to make a test piece from an existing floor. Thus, an 
on-site evaluation method is ideally required. 
This study describes a simple on-site estimation method of 
the floor stiffness. The contact stiffness depending on preload 
between the support and floor is identified. The estimation 
method is described based on the stiffness model of machine 
tool support developed in our previous study. The stiffness of 
two floors are compared using the estimation method to 
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investigate the influence of its surface finish on the contact 
stiffness. 
2. Estimation method of contact stiffness 
A method to estimate the contact stiffness of the floor in 
the vertical direction is described in this section. The method 
is based on the contact stiffness model depending on the 
preload on the contact surface. 
2.1. Contact stiffness model 
Machine tools are generally installed on concrete floors 
using supports. The stiffness K between the machine and floor 
is modelled by the bulk stiffness and the contact stiffness 
connected in series [6], and determined as follows: 
cb kkK
111        (1) 
where kb and kc are the bulk stiffness and the contact stiffness, 
respectively.  
 The bulk stiffness can be calculated from the modulus of 
elasticity and the geometry of the support. The bulk stiffness 
is constant. The contact stiffness is assumed to be 
proportional to the vertical preload W [6, 7] in this study as 
follows: 
Wkc       (2) 
where   is contact stiffness coefficient. Figure 1 shows the 
conceptual relationship between W and K. When the preload 
is small, the stiffness K increases linearly with W because the 
contact stiffness dominates the total stiffness. When the 
preload is increased enough, the stiffness saturates to the bulk 
stiffness.  Although a similar stiffness model can be applied to 
the tangential stiffness, this study focuses on the vertical 
stiffness so far. 
2.2. Identification method of contact stiffness coefficient 
 A method is proposed to identify the contact stiffness 
coefficient between the floor and support from the preload-
stiffness relationship shown in Fig.1. A steel block is put on 
the objective floor to measure the stiffness between the block 
and floor. The measurement is conducted for several blocks 
with different mass to obtain the preload-stiffness relationship. 
Figure 2 shows the schematic of the block used in this 
study. The lengths L, D and H are the dimensions of the block. 
The block has one support. The support is almost a cylinder 
with 3 mm height and 15 mm diameter. The tip of the support 
is slightly rounded with 500 mm radius to increase the 
repeatability of the contact.  
In order to obtain the model of the preload-stiffness 
relationship for the block, the stiffness in the Z direction is 
calculated. The preload W on the support is determined by the 
mass of the block. The stiffness of the support is obtained by 








     (3) 
Figure 3 shows the flowchart of the identification. In the 
first step, the natural frequency fnv of the block for the 
translational vibration in the Z direction is measured by the 
impact test. In the translational vibration in the Z direction, 
the experimental system can be assumed to be a single degree 
of freedom model consisting of one mass and one stiffness. 
Thus, in the second step, the vertical support stiffness kvtotal 
can be obtained using the following equation: 
2)2( nvvtotal fmk      (4) 
where m is the mass of the block. Then, the measurement is 
conducted for several blocks with different mass. The 
relationship between kvtotal and the preload W is obtained. In 
the final step, the contact stiffness coefficient and bulk 
stiffness are identified by fitting Eq.(3) to the experimental 
data. The proposed method can be also applied for the contact 
stiffness model other than Eq.(2) when the stiffness depends 
on the preload. 
Fig.1. Preload-stiffness relationship of the support. 
Fig.2. Schematic of block. 
Fig.3. Flowchart of identification. 
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3. Identification experiment 
3.1. Experimental method 
The proposed method is applied to two types of floor to 
investigate the influence of their surface finish on the property. 
Figure 4 shows the appearance of the floors. Floor A is the 
floor of our laboratory. Because the floor is designed for 
machine tool installation and precise measurement, the 
concrete surface is polished and reinforced by a glass coating. 
Floor B is the floor of a corridor. It is a concrete floor covered 
by a polymer sheet. 
The dimensions of blocks used in this study are 
summarized in Table 1. Three blocks with the same footprint 
are used. The material of the block and support is 304 
stainless steel. The tip of the support was finished by cutting. 
The natural frequency was measured by the impact test. 
The schematic drawing of the experimental setup is shown in 
Fig.5. The center of the block was excited in the Z direction 
using an impulse hammer (PCB Piezotronics). The response 
in the Z direction was measured using four acceleration 
sensors (PCB Piezotronics) attached on four corners of the 
block. The natural frequency was determined from the 
frequency response function calculated using a Fast Fourier 
Transform (FFT) analyzer (Ono-sokki). The lowest natural 
frequency having the same phase of four sensors was 
determined to be fnv. 
The sensitivities of the impulse hammer and acceleration 
sensor are 2 mV/N and 10 mV/(m/s2), respectively. The 
measurement frequency range was set to 500 Hz, and the 
number of sample points was 2048. Ten measurements were 
conducted while the block location was randomly changed in 
300 mm ×300 mm area. The conventional averaging function 
of the FFT analyzer was not used because the natural 
frequency varied depending on the location. On Floor A, the 
measurement was conducted on selected gravel and mortar 
points to investigate their difference. In these measurements, a 
line tape on the floor was used to put the block back on the 
same location. The repeatability of the location is 
approximately 1 mm. 
3.2. Experimental result 
Figure 6 shows the relationship between the mass of the 
block and fnv. The result shows the difference between two 
floors. The natural frequency for Floor A is higher than that 
for Floor B. It can be resulting from the surface finish by the 
glass coating. The glass coating increases the natural 
frequency by 23-36%. The natural frequency for Floor A is 
between those for gravel and mortar. It is because of the 
averaging effect by the random change of the block location. 
Figure 7 shows the relationship between the block mass 
and standard deviation of fnv to evaluate the repeatability of 
the measurement. The standard deviation is represented as the 
ratio to the mean value of fnv. The standard deviation for 
gravel and mortar is smaller than that for Floors A and B. It 
shows the stiffness variation depending on the block location. 
Figure 8 shows the relationship between kvtotal and the 
preload W. The broken lines show the fitted curves. The 
obtained parameters are summarized in Table 2. The contact 
stiffness coefficient α is highest for the gravel. The coefficient 
α for Floor A is approximately 455% of that for Floor B. 
Fig.6. Relationship between block mass and fnv. Fig.4. Appearance of floors. 
Fig.7. Relationship between block mass and standard 
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Although the stiffness of Floor B is highest in the bulk 
stiffness, the identified result for Floor B has a large 
uncertainty. This is because the influence of the bulk stiffness 
is small in this experiment. The small influence of the bulk 
stiffness is shown by the fitted curve for Floor B which looks 
almost linear. 
3.3. Verification 
For brief verification of the identified parameter, the 
natural frequency of the block which has three supports was 
measured on Floor B. Figure 9 shows the schematic of the 
block. The dimensions of the block are similar to those 
summarized in Table 1. The natural frequency was also 
estimated from α of 2.2×105 1/m for comparison. The 
supports are modeled as three parallel springs in the vertical 
direction. Because the influence of the bulk stiffness looks 
small in Fig.8, the bulk stiffness was neglected in this 
estimation. Therefore, the natural frequency is theoretically 
constant regardless of the block mass because the vertical 
stiffness is proportional to the mass. 
Figure 10 shows the comparison between measured and 
estimated natural frequencies. The estimation well agrees to 
the experimental results. Although the natural frequency is 
constant in the estimation, it slightly decreases while the 
block mass increases in the experimental result. This is caused 
by the small influence of the bulk stiffness which is neglected 
in this estimation. 
4. Conclusions 
This study proposed a simple on-site estimation method of 
the floor stiffness. The contact stiffness depending on preload 
between the support and floor was identified. The model of 
the preload-stiffness relationship for the block on the floor 
was described. The natural frequency of the block for the 
translational vibration in the Z direction is measured by the 
impact test. The measurement is conducted for several blocks 
with different mass to obtain the preload-stiffness relationship. 
The contact stiffness coefficient is identified by fitting the 
model to the experimental data. The stiffness of two floors 
were compared using the estimation method to investigate the 
influence of its surface finish on the contact stiffness. The 
surface reinforcement using the glass coating increased the 
contact stiffness to 455% of that for the general polymer 
painted floor. The natural frequency of the block which has 
three supports was measured on the painted floor for 
verification of identified parameters. The estimation using the 
identified contact stiffness coefficient well agreed to the 
experimental results. 
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Fig.8. Relationship between preload and vertical stiffness. 
Table 2 Identified parameters 
Floor α  1/m kb  N/m 
A 1.0×106 5.6×107 
B 2.2×105 1.1×108 
Mortar 6.0×105 5.1×107 
Gravel 1.4×106 8.7×107 
 
Fig.9. Schematic of block with three supports. 
Fig.10. Comparison between measured and estimated 
natural frequencies. 
